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College of General Education, Osaka University, Machikaneyama 1-1, Toyonaka, Osaka, 560 Japan (Received 3 December 1992) In order to examine the method of estimating loudness on general noises in living en -vironments, two steps of subjective experiments were performed using artificial sounds. The results of Experiment 1 suggested that arithmetic average of sound pressure levels in octave bands is an appropriate loudness index for various kinds of sound with broad band spectra as well as the precise index such as the Loudness Level proposed by Zwicker. In order to further examine this fact, Experiment 2 was conducted using test sounds with discrete prominent spectral components.
As a result, it has been clarified that the arithmetic average can no longer be applicable to such kinds of sound. In addition to these experimental studies, the relationships among representative noise indices were examined by numerical investigation on various sounds general in living environments. As a result, it has been confirmed that the arithmetic average of SPLs in octave bands from 125 Hz to 4kHz is highly correlated to Loudness Level by Zwicker for general sounds without tonal components.
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Loudness, Noise index, Environmental noise PACS number: 43.50.Jh, 43.66.Cb For an investigation of the method of assessing noises common in building environments and sound insulation efficiencies of building walls from a psycho-acoustical viewpoint, Tachibana et al. have made a series of experimental studies.1-4) In these experiments, loudness tests were performed with electrically synthesized sounds simulating various kinds of noise in buildings and sounds transmitted through walls with a variety of sound insulation characteristics. From the results of these subjective experiments, it has been suggested that arithmetic average of SPLs (sound pressure levels) in octave bands is an appropriate loudness index for this kind of sounds with relatively high levels in low frequency bands.
In the present study, the applicability and the limit 
EXPERIMENT 1 2.1 Experimental Set Up
The experiment was performed in an anechoic room as shown in Fig. 1 . As the sound source equip -ment, a loudspeaker system shown in Fig. 2 was used, which was composed of eight flat-type woofers (Technics SST-AFP1) and a small loudspeaker for reproducing middle and high frequencies.
The listening position was set at a point 2m from the loudspeaker source. The frequency characteristic of the loudspeaker system including the transfer function from it to the listening position was co,m- pensated by digital inverse-filtering technique so that the whole reproduction system had a flat response over the frequency range from 63 Hz to 4 kHz in octave bands.
Test Sounds
The test sounds used in this study are shown in Fig. 3 . They are actual noises recorded in outdoor and indoor environments and three kinds of music sounds sampled from compact discs. (The sounds B and C were artificially made by changing the spec -trum of the sound A, and the sounds G, H and I were made of the sound F.) Since their actual levels varied over a wide range, they were classified into two groups; the low level group and the high level group as shown in Fig. 3 (a) and (b), respectively. A: noise of an air-con. system in a hall, B: modified A (1), C: modified A (2), D: noise in a computer room, E: noise of an air-con. system in a conference room, F: noise of an air-con. unit, G: modified F (1), H: modified F (2), I: modified F (3), J: road traffic noise tsansmit -ted into a room, K: noise in a jet-plane, L: noise in a train,M: noise in a computer room, N: helicopter noise, O:
road traffic noise, P: noise of an exhaust-fan, Q: rock music, R: symphony, S: piano music, T: noise of an electric saw.
The number of the test sounds in each group was ten. These test sounds were measured at the listening position and their energy-mean sound pressure levels in 1/1 and 1/3 octave bands were analyzed for the calculation of various indices.
Procedure
As the test procedure, the method of adjustment by subjects was adopted. That is, a standard stimulus (Ss) and a comparison stimulus (Sc) were presented alternately as shown in Fig. 4 , and a subject was asked to adjust the level of Sc with a remotecontrol attenuator so that it was perceived as being equally loud as Ss. Each duration time of Ss and Sc was 12 s and the interval between them was 2 s.
Each loudness matching test was performed in both the cases such that Sc was set definitely louder and softer than Ss at the beginning. In each process of loudness matching, the subject was allowed to adjust the attenuator freely, upwards and downwards. The point of subjective equality (PSE) for each Sc for each subject was obtained as the mean value of the results of these ascending and descending procedures.
A broad band noise with a spectral characteristic of-5 dB per octave was adopted as SS as was used in our previous experiments1-3) since this noise is natural and suitable for representing general noises in living environments. The level of Ss was fixed at 30 and 40 dB (A) in the tests for the low level group and at 70 and 80 dB (A) in the tests for the high level group.
A round of loudness test was conducted for each level of Ss, in which the ten Sc sounds were presented in random order and the descending and ascending procedures were performed successively. It took about 20 to 40 minutes to finish a round by a subject. Between each test, a sufficiently long interval was taken so that subjects did not become tired.
Nineteen (15 male and 4 female) subjects with normal hearing ability in their late teens to forties participated in this experiment.
Results
The mean values of points of subjective equality (PSEs) for each test sound judged by the nineteen subjects and their standard deviations for each test sound were calculated. Table 1 shows the standard deviations. In this result, the standard deviation is different for each test sound and the hypothesis of equal deviation seems not to be valid in this case. This might be attributed to the difference of easiness of loudness judgement for each test sound. Therefore, the statistical significance of the differences among the mean values of PSEs for each test sound was examined according to the Kruskal-Wallis method (non-parametric test). As a result, a markedly high significance (level of significance <0.0 %) was found for all the tests in four steps.
Six kinds of noise index proposed so far and two kinds of arithmetic average of SPLs in octave bands were calculated for each test sound in PSE. In each graph, the values of each test sound in PSE evaluated by each index are plotted and there -fore it might be expected that all plots would lie horizontally if the index correctly estimated the loud -ness. A comparison of the ten results in Fig. 5 shows that the plots arranged by LL(Z), PL and LA are closely converged horizontally both in the two steps, and the standard deviations for these indices are much smaller than those for Lc, NC, PNC and SIL. In the results arranged by LL(S), the test sounds B and J which had relatively high levels in low frequency bands were overestimated. Here, it should be noted that the results arranged by L(125 and L(63-4k) those by LL(S), PL, LA and SIL are relatively good. Regarding the results arranged by L(125-4k) and L(63-4k), they are much converged for the test sounds from K to S. In this case, the results arranged by L(125-4k) are the best second to those arranged by LL(Z).However, the values assessed by L(125-4k) and L(63-4k) for the test sound T which had a singular frequency characteristic (see Fig.3 (b) ) are much different from others.This fact suggests the limit of the applicability of the arithmetic averages for loudness evaluation.
3.EXPERIMENT 2
In order to examine the applicability of the arithmetic average in more detail, another experiment was conducted using sounds containing strong discrete spectral components. Figure 7 shows the spectral characteristics in 1/3 octave bands of the test sounds used in this experiment. In order to emphasize the spectral peculiarity, three sounds (b, c and d) among them were artificially synthesized.
Test Sounds and Experimental Procedure
The apparatus, the test procedures and the subjects were the same as used in Experiment 1. Table 2 shows the standard deviations in PSE judged by the nineteen subjects for each test sound. The results of the significance test according to the Kruskal-Wallis method showed a markedly high significance (level of significance <0.0%) among the differences of the mean values of PSEs for each test sounds in Experiment 2 as in Experiment 1.
Results
The mean values of PSEs for each test sound were evaluated by six indices; LL(Z), LL(S), PL, LA, L(125-4k) and L(63-4k), and their plots are shown in Fig.8.(a) is for the condition of Ss=40dB (A) and (b) is for Ss=80 dB(A).
In these results, the values evaluated by LL(Z), LL(S) and PL are well converged except for the test sound e. On the other hand, the results arranged by L(125-4k) and L(63-4k) are much scattered. In these results, a tendency is seen that the underestima -tion by these arithmetic averages becomes larger, the higher the frequency of the prominent spectral compo -nent is. This suggests the limit of the applicability of the arithmetic averages to loudness evaluation.
NUMERICAL STUDY
In order to examine the relationships among vari -ous noise indices including the arithmetic averages of SPLs, a numerical study was conducted. In this study, various kinds of sound general in living environments were used.
Sounds under Investigation
Twenty three sounds (actual environmental noises, speech and music) with a variety of spectral char -acteristics were chosen as shown in Table 3 . Figure  9 shows the spectral characteristics of eleven exam plesamong them. All of the sounds used in this study had broad band spectra and no discrete promi- nent spectral components. The levels in LAep of these sounds assumed in this study are shown in Table 3 . The number of the varieties of sounds including the variation in level was 48 in total.
Results
All sounds were evaluated by seven indices; LL(Z), LL(S), PL, LA, SIL, L(125-4k) and L(63-4k). Table 4 shows the correlation coefficients among the values evaluated by these indices. Figure 10 shows the relationships between the values evaluated by LL(Z) and those by the others. In these results, it can be seen that all of the indices are highly corre -lated each other. L(125-4k) is also highly corre -lated with LL(Z) and the following relation has been found between them. 
LA is also highly correlated with LL(Z), but the correlation coeffiicent between them is a bit smaller and rms value in the regression analysis is a bit larger compared with the correspondence between L (125-4k) and LL(Z) as shown in Fig. 10 , though there was no statistically significant difference be -tween in the correlation with LL(Z).
Although LL(Z) and LL(S) are both adopted in ISO 532, they gave different values in this case; the values of LL(Z) are several phons larger than those of LL(S). This tendency has been often pointed out so far.
CONCLUSIONS
The results of the experimental and numerical studies presented above may be summarized as fol -lows.
(1) It has been reaffirmed that the precise indices, LL(Z), LL(S) and PL are good loudness indices for various kinds of sounds. Among them, LL(Z) gives the most stable evaluation. However, these indices are not sufficient for the loudness evaluation of sounds with strong discrete spectral components.
(2) It has been found that the arithmetic aver -ages of SPLs in octave bands are also good indices for loudness of sounds with broad band frequency characteristics.
Especially, L(125-4k) is almost comparable to LL(Z), and the latter can be approxi -mated from the former by Eq. (2). However, it has been clarified that the arithmetic averages of SPLs can no longer be applicable to the sounds with strong discrete spectral components.
(3) L(125-4k) is comparable to or slightly bet -ter than LA when evaluating the loudness of sounds with broad band frequency characteristics. (In the results of our previous experiments1-3) in which sounds having high levels in low frequency bands were tested, the former was significantly better than the latter.)
From the results obtained here and in our previ -ous experiments,1-3) it has been suggested that the arithmetic average of SPLs in octave bands is a good index of loudness when evaluating sounds with broad band spectra, especially with high levels in low frequency bands. The reason for this finding should be further investigated from physiological and psychological viewpoint.
